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Optical spectra of PbTeÕPb1ÀxEuxTe quantum wells
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The optical absorption spectrum of PbTe quantum wells is revisited. A series of PbTe/Pb12xEuxTe multiple
quantum well~MQW! samples withx between 0.05 and 0.07 was grown by molecular-beam epitaxy on
(111)BaF2 substrates. The PbTe well width was varied from 2.3 to 20.6 nm, while the barrier was kept thicker
than 44.2 nm. The transmission spectra were measured at varying temperature~5–300 K! and the energy of the
different optical transitions between quantized electron and hole states was obtained from the corresponding
absorption steps. Several transitions, from both longitudinal and oblique valleys, are clearly observed. Contrary
to what is commonly believed, an overall agreement~i.e., for different transitions, temperatures, and PbTe well
widths! is found between the experimental results and the electric-dipole optical transition energies calculated
analytically, within the envelope function approximation and the perfect square well model. The effects of the
strain inside the thin PbTe layers on the optical transition energies are included in the calculations and studied
as a function of well width and temperature. The amount of tensile strain was measured with high-resolution
x-ray diffraction at room temperature. From the fit to the experiment, we evaluate the PbTe deformation
potentials. At low temperatures, a blueshift is observed in the energy of the longitudinal transitions of the
narrow wells, which is attributed to the mismatch in the thermal expansion coefficient between the MQW
structure and the BaF2 substrate.

DOI: 10.1103/PhysRevB.63.085304 PACS number~s!: 78.66.Li, 73.22.2b, 61.10.2i
ap
h
ur
tti

o

ic
ng
n
it
ve

m
io
es

r
-
th
s.
s
e
er
ra

n

si
at

in
bTe

of

revi-
bTe
u
-
ns-

s be-
ition
tion
nd
t is
be-
ical
e
ell

ing
sile
s,
-
pe-

he
ntal
ion
ify
h-

the
al-
ith
I. INTRODUCTION

With the addition of a few percent of Eu, the energy g
of the ternary Pb12xEuxTe is considerably increased wit
respect to that of the pure PbTe, while its rocksalt struct
remains the same, except for a slight increase in the la
constant. These properties make Pb12xEuxTe a suitable and
important barrier material to use, for instance, in the study
quantum confinement effects in~strained! PbTe quantum
wells ~QW’s!. These structures are of interest in the phys
of new semiconductor devices for both their spectral ra
and the peculiar electronic properties of the IV-VI semico
ductor compounds. The large confinement obtained w
such high barriers has already contributed to the impro
ment of PbTe QW infrared lasers.1,2

More recently, the properties of different PbTe quantu
structures have attracted much attention. It is worth ment
ing, for example, the studies of quantum dot superlattic3

conductance quantization in small constrictions,4 and en-
hanced thermoelectric power in@111# PbTe QW’s.5 Com-
pared to the more studied III-V or II-VI semiconducto
QW’s, the physics of IV-VI QW’s is more complex, for in
stance, due to the difficulties in the infrared optics and to
presence of anisotropic and nonparabolic multiple valley

In particular, the studies of the PbTe QW optical tran
mission spectrum, which is a direct probe of quantum
fects, have been limited to few samples and fixed temp
tures. Ishidaet al.6 have reported on the optical spect
measured at room temperature, with a series of@100#
PbTe/Pb0.95Eu0.05Te QW’s. The spectra of @111#
PbTe/Pb12xEuxTe QW’s was investigated in detail by Yua
et al.7 However, only three samples were used, withx
50.026, 0.03, and 0.024, respectively, and the transmis
measurements were done at 77 and 5 K. Sophistic
0163-1829/2001/63~8!/085304~8!/$15.00 63 0853
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modeling,8,9 with long numerical calculations, was used
both studies. In this paper, the optical spectra of the P
QW’s is readdressed. For this purpose, a series
PbTe/Pb12xEuxTe multiple quantum well~MQW! samples
was grown by molecular-beam epitaxy on (111)BaF2 sub-
strates. Compared to the series of samples used in the p
ous studies,6,7 the present series spans a larger range of P
well width ~from 2.3 to 20.6 nm! and presents higher E
concentrations (0.05,x,0.07) and therefore higher poten
tial barriers and stronger quantum confinement. The tra
mission spectra were measured at several temperature
tween 5 and 300 K and the subband to subband trans
energies were obtained from the corresponding absorp
steps. Several transitions, involving both longitudinal a
oblique valleys, were clearly observed. Contrary to wha
commonly believed, an overall good agreement is found
tween the experimental results and the electric-dipole opt
transition energies calculated analytically within th
envelope-function approximation and the perfect square w
model.

The good agreement is only obtained when consider
carefully the strain effects. We have determined the ten
parallel strain inside the PbTe layer, for all MQW sample
with high-resolution x-ray diffraction analysis at room tem
perature. As for the theory, we have extended the envelo
function model proposed in Ref. 10, in order to include t
strain corrections. The comparison between experime
and theoretical results for different transitions, as a funct
of well width and temperature, allowed us not only to test
for the reliability of both theoretical and experimental met
ods, but also to further study the deformation effects.

From the best fit to the experiment, we have evaluated
PbTe deformation potentials. Among the controversial v
ues found in the literature, good agreement is obtained w
©2001 The American Physical Society04-1
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those determined from luminescence measurements11,12 and
first-principles calculations.13 It was also found that, when
lowering the temperature, all transition energies decreas
most parallel to the PbTe band gap down to near 100
Below 100 K however, the transitions from the longitudin
valley in the narrow wells reach a minimum and start
creasing. This can be explained with the buildup of furth
tensile strain in the thin PbTe layers, due to the differen
between the thermal expansion coefficients of the MQ
structure and the BaF2 substrate.14

The rest of this paper is divided into the following se
tions: Sec. II, with the details of the molecular-beam epita
~MBE! growth and structural characterization of th
PbTe/Pb12xEuxTe MQW samples; Sec. III, where we de
scribe the measurement and the analysis of the optical tr
mission spectra; Sec. IV, which presents the theoret
model, including the strain corrections; Sec. V, where
compare and discuss the theoretical and experimental re
for the optical transition energies, as a function of well wid
and temperature, and Sec. VI, with the summary of the m
results and conclusions.

II. SAMPLES

The PbTe/Pb12xEuxTe MQW samples were grown o
freshly cleaved (111)BaF2 substrates in a RIBER 32P MBE
system equipped with PbTe, Eu, and Te effusion cells.15 An
ion gauge, calibrated with a quartz crystal oscillator, m
sured the beam flux rates from the effusion cells. The ra
between the Eu and PbTe beam fluxes was used to obtai
nominal Eu content. For optimal growth conditions, the
flux was two times the one of Eu.

A schematic diagram of the MQW samples is shown
Fig. 1. Before growing the MQW structure proper, a thi
~;4 mm! Pb12xEuxTe buffer layer~with the samex value as
in the barriers! was grown on top of the BaF2 substrate, in
order to accommodate completely the 4.5% lattice misma
The growth temperature, for both the buffer and the MQW
was 300 °C. The PbTe and Te effusion cell shutters alw
stayed open during the growth process. Opening and clo
the Eu shutter controlled the thickness of the barrier and w

FIG. 1. Schematic diagram of the structure of t
PbTe/Pb12xEuxTe MQW samples grown by MBE and used here
the investigation of the PbTe QW transmission spectra.
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layers, respectively. The QW growth was repeated 50 tim
to ensure sufficient infrared optical absorption.In situ reflec-
tion high-energy electron diffraction~RHEED! at 12 keV
was used to monitor the growth process. RHEED intens
oscillations were observed at low temperatures for both P
and Pb12xEuxTe growth. Except during the nucleation an
coalescence of the Pb12xEuxTe buffer layer, the RHEED
pattern showed elongated spots lying on a semicircle, c
acteristic of an atomically flat surface. Despite the latt
mismatch between Pb12xEuxTe and PbTe layers (;0.28%),
the RHEED pattern remained unchanged until the end of
growth.

Two series of samples were produced with slightly diffe
ent growth conditions. The growth rate, which is determin
mainly by the PbTe effusion cell temperature, was the m
difference~0.22 nm/s for the first series and 0.38 nm/s for t
second!. The other growth parameters were kept constan
order to assure sample reproducibility. As a consequence
average Eu content, which was measured optically~see
Table I! was found to be a little bit smaller in the 2nd serie
The difference, however, is in the order of the variation inx
among the samples inside the series. When discussing
results for the transitions between the lower energy sta
which are less sensitive to the barrier height, the two se
can in fact be considered as a single uniform series of h
quality PbTe/Pb12xEuxTe MQW samples with 0.05,x
,0.07 and varying PbTe well width.

The period~well width plus barrier width! and the strain
inside the PbTe layers, for each sample, were determine
high-resolution x-ray diffraction. We have used a Phili
X’Pert diffractometer in the triple axis configuration, i.e.,
four-crystal Ge~220! monochromator in the primary beam
and a Ge~220! channel-cut analyzer immediately before t
detector. Figure 2 shows, as an example, thev/2Q scan of
the ~222! Bragg diffraction peak for a narrow (L52.3 nm!
and a relatively wide (L517.9 nm! well samples. Note tha
the spectra exhibit a very well-resolved satellite peak str

TABLE I. Data of the PbTe/Pb12xEuxTe MQW samples: period
(P), well width (L), parallel strain in the well (e i), barrier energy
gap at 5 K (Eg

b), and Eu content (x), determined from the following
empirical expression for the Pb12xEuxTe energy gapEg

b(x,T)
5189.710.48@T(K)2/T(K)129#(127.56x)14480x meV ~Ref.
25!.

Sample P(nm) L(nm) e i(1023) Eg
b ~meV! x

1st Series

M443 58.2 5.3 2.68 498 0.069
M440 62.2 10.4 2.69 490 0.067
M442 67.6 15.6 2.42 501 0.069
M441 72.1 20.6 1.89 488 0.067

2nd Series

M457 51.0 2.3 2.32 476 0.064
M462 50.2 4.5 2.20 440 0.056
M461 56.2 9.2 1.85 424 0.052
M460 60.0 14.0 1.87 436 0.055
M456 62.1 17.9 2.01 488 0.067
4-2
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OPTICAL SPECTRA OF PbTe/Pb12xEuxTe QUANTUM WELLS PHYSICAL REVIEW B 63 085304
ture showing up to the tenth order. The BaF2 substrate peak
is used as a reference for theQ scale. The peak correspond
ing to the PbEu12xTex buffer layer in general overlaps wit
the zero-order peak of the MQW structure, and is resol
only in the case of wide well samples. The full width at ha
maximum of the zero-order peak was always approxima
25 arc sec in thev/2Q direction and three times larger in th
v direction, attesting to the good structural quality of t
samples. All satellite peaks exhibited approximately
same width as for the zero-order peak, indicating that sh
interfaces were obtained throughout the MQW structure. T
reciprocal space mapping of the~224! asymmetrical reflec-
tion indicated that the MQW structure tended to the fre
standing condition.16 With this information, the calculated
~222! v/2Q spectrum~solid line in Fig. 2! was fitted to the
measured data, using the in-plane lattice constant (ain-plane)
as the main fitting parameter. The tensile parallel strain
side the PbTe well,e i5(ain2plane2aPbTe)/aPbTe, where
aPbTe is the unstrained lattice constant of PbTe, was th
determined with high accuracy, for each sample at ro
temperature. Details about the structural characterization
strain determination in these MQW samples were publis
elsewhere.17

The main parameters of our samples are listed in Tab
They are the periodP, the well widthL, the parallel strain in
the PbTe welle i , which were all determined as explaine
above, and the Eu contentx, which was determined from th
optically measured Pb12xEuxTe energy gap. The average E
content obtained~i.e., 0.06860.001 for the first and 0.059
60.006 for the second series! are only approximately 15%
higher than those obtained from the x-ray analysis. Bef
discussing the optical measurements, it is important to n
that, despite the fluctuation in Eu content among the samp

FIG. 2. v/2Q scan of the~222! Bragg diffraction peak for two
PbTe/Pb12xEuxTe MQW samples with different well widthL. The
solid lines are the calculated spectra that best fit the experime
data~open circles!. The spectra exhibit up to the tenth-order sat
lite peak with full width at half maximum of approximately 25 a
sec, indicating the good structural quality of the grown samples
08530
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the tensile parallel strain in the well~Table I, 4th column! is
found to decrease for increasing well width, due to the
creasing strain relaxation.17

III. OPTICAL TRANSMISSION MEASUREMENTS

The transmission spectra were measured at tempera
varying from 5 to 300 K, in a Fourier transform infrare
spectrophotometer~Perkin Elmer FTIR 1600! with a resolu-
tion of 4 cm21 ~;0.5 meV! between 800 and 4500 cm21

~approximately from 100 to 560 meV!. A variable tempera-
ture He cryostat~Janis supertran-VP! equipped with ZnSe
windows was fitted to the Fourier spectrometer measurem
chamber. The MQW samples were mounted together wit
bare BaF2 reference substrate in a vertically movable C
sample holder, with two identical circular holes, inside t
cryostat. To avoid extra mechanical strain during cooli
down, small clamps, instead of grease or glue, were use
hold the samples. The temperature of the sample holder
mersed in a continuous He gas flux was controlled wit
60.1 K, using a Lakeshore 330 auto-tuning controller.

Typical normalized transmission spectra measured at
are shown in Fig. 3. They correspond to the spectra obta
for the samples withL55.3 and 15.6 nm, in the upper an
lower panel, respectively. The oscillations are Fabry-Pe´rot
interference fringes caused by the finite thickness of
whole structure~the buffer layer plus the MQW stack!. The
sharp steplike changes in the transmission intensity are
to the optical absorption corresponding to the interband tr
sitions between the electron and hole confined states in
PbTe QW’s. The energies of the main absorbing transiti
are indicated. The subscript numbers refer to the subb

tal
-

FIG. 3. Infrared optical transmission spectra measured at 5
for two PbTe/Pb12xEuxTe MQW samples, with well widthL55.3
and 15.6 nm. The solid lines are the results of the simulation,
the circles correspond to the measured data. The arrows indicat
main optical transitions (E11

L , E11
O , and E22

O ), obtained from the
best-fit procedure, together with the PbTe well (Eg

w) and
Pb12xEuxTe barrier (Eg

b) band gaps.
4-3
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indices in the conduction and valence bands and the su
script indicates whether the electron and hole states invo
derive from the longitudinal~L! or from the oblique~O!
valley ~see below!. For energies higher than the respecti
Pb12xEuxTe energy gap (Eg

b), the samples become opaqu
In the rest of this section, we explain how we have det
mined these transition energies as a function of tempera
and PbTe well width.

First, it is important to recall that the translation symme
along the@111# growth direction is broken in PbTe QW’s
lifting the fourfold valley degeneracy of the bulk materia
The longitudinal valley~along the growth direction! is split
from the other three equivalent ones, which are called
lique valleys. Therefore, the optical spectra of these QW
exhibit transitions with different energies, involving differe
valleys. Since the longitudinal valley has larger electron~and
hole! effective mass along the growth direction, the lowe
transition energy is usually the first longitudinal transiti
~as we call the transitions deriving from such a valley!.18 For
this same reason, the energy separation between the lon
dinal transitions is smaller than that between the obliq
ones. On the other hand, due to both the threefold deg
eracy and the higher two-dimensional density of fre
propagating states along the plane~due, in turn, to the
heavier average in-plane effective mass! the oblique transi-
tions are responsible for stronger light absorption. As can
seen in Fig. 3, the clearest absorption steps correspon
fact, to the first longitudinal transition, which is the absor
tion edge or threshold, and the strong-absorbing oblique t
sitions. The other features in the intensity modulation, l
the structure betweenE11

O andE22
O and the tail at high ener

gies in the wide well spectra, are due to the other wea
transitions.

In order to determine accurately the energies of the
ferent optical transitions, we have simulated the transmiss
spectra using the model calculation introduced by Yu
et al.7 The transition energies are the main parameters in
simulation and are determined from the fitting. First, the
sorption coefficienta(v) and the refractive indexn(v) of
the Pb12xEuxTe buffer and barrier layers, are determined
fitting, separately, the transmission spectrum of
Pb12xEuxTe epitaxial layer with the samex value as in the
MQW structure. The epitaxial layer is treated as a b
sample with a three-dimensional density of states. Aft
wards, for the PbTe layers, a strict two-dimensional respo
is assumed, where the typical stairlike absorption coeffici
including a level broadeningG i for the optical transition en-
ergiesEi , can be written as

a~\v!5(
i

Ai

1

p Fp2 1arctanS \v2Ei

G i
D G 1

\v
, ~1!

whereAi stands for the intensity prefactor, proportional
the two-dimensional joint density of states. Finally, the op
cal transmission through the multilayered structure is ca
lated using the transfer matrix obtained with properly mat
ing of the electromagnetic fields at all interfaces.7

The best fit to the experiments was able to reproduce
main features of the spectra, for every sample and at
08530
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temperatures. In Fig. 3, it is plotted with solid lines. As e
pected, with reasonable values of the parametersG i andAi ,
the quality of the fitting is much more sensitive to variatio
in the energies of the strongly absorbing transitions, as m
tioned above, than to variations in the energies of the wea
transitions. We will concentrate our discussion on t
strongly absorbing transitions, namelyE11

L , E11
O , and E22

O ,
whose energy positions have been determined with an e
never larger than65 meV. The weaker transitions, althoug
playing an important role in the simulation of the transm
sion spectra, cannot have their transitions determined w
such accuracy. One can see in Fig. 4, where specific res
of the calculations~see below! are plotted, that betweenE11

O

andE22
O ~dashed lines! lie, in general, three longitudinal tran

sitions, and that as the PbTe well width increases, more
els with higher subband indices start to take part in the
sorption. This is exactly what was found in the fittin
procedure, when trying to reproduce the respective featu
in the spectra mentioned above. We find that to index
different transitions observed in the transmission spectra
@111# PbTe/Pb12xEuxTe QW’s, especially in the case o
wide wells, the calculated energy diagram can be particula
useful. Next we explain how this diagram can be easily o
tained.

IV. THEORY

To determine the transition energies, we start from
simple envelope-function model calculation, with analytic
solutions, recently proposed to describe the optical tra
tions in lead-salt QW’s.10 In that work, however, the strain
effects had not been considered, in view of the poor kno
edge of the strain tensor and of the PbTe deformation po
tials. Using the strain, which was measured as a function
well width as discussed in Sec. II, we have included
strain effects and calculated the electric-dipole optical tr
sition energies with different PbTe deformation potentia
This section describes such calculations.

In @111# PbTe epitaxial layers, both quantum size a

FIG. 4. Optical transition energies for PbTe/Pb0.93Eu0.07Te
QW’s ~at 5 K!, as a function of well width, calculated in th
envelope-function approximation and the perfect square QW mo
The solid~dashed! lines correspond to the energy of the longitud
nal ~oblique! transitions in an increasing order of subband indic
The straight line represents the top of the barrier (Eg

b).
4-4
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strain effects break the fourfold valley degeneracy of
bulk material. The longitudinal valley is split from the thre
oblique ones. Neglecting valley mixing, the confined sta
derived from the two kinds of valleys are calculated indep
dently and the electric-dipole transition energies are given

Enn
i 5Eg

w1«e,n
i 1«h,n

i , i 5L(Longitudinal) or O~Oblique!,
~2!

where, for example,«e,n
L stands for the nth quantized ele

tron energy from the longitudinal valley,«h,n
O for the nth

quantized hole energy from the oblique valley, and so
Note that these quantized energies are always positive
measured from the respective band edge. In the case of
metric square QW’s, they are the solutions of the followi
equations, obtained from a standard plane wave match
using the Ben Daniel-Duke like boundary conditions:10

x

mb
5

q

mw
tanS qL

2 D ~3!

and

x

mb
52

q

mw
cotS qL

2 D , ~4!

for the even and odd states, respectively, whereL is the well
width, q56A(2mw /\2)« andx56A(2mb /\2)(V2«) are
the wave vectors in the well~w! and in the barrier (b), re-
spectively.V5Q(Eg

b2Eg
w), for electrons, and (12Q)(Eg

b

2Eg
w), for holes, is the barrier height, whereQ is the band-

offset parameter. Note that in view of the high PbTe diel
tric constant, we neglect the very small band bending.

As already mentioned, the PbTe effective mass along
growth directionmw depends on the kind of valley. It isml
or 9mlmt /(8ml1mt) whether the valley is longitudinal o
oblique. Within the two-bandk•p Dimmock model,19 we
haveml (t)5ml (t)(«)5(\2/2Pl (t)

2 )(«1Eg
w), wherePl (t) is the

longitudinal ~transverse! momentum interband matrix ele
ment. The same is valid for the barrier material effect
massmb , with only Eg

b in the place ofEg
w ~the momentum

interband matrix elements are assumed the same in the
and in the barrier!. The electron and hole quantized energi
«e,n

i and «h,n
i ( i 5L,O), are calculated independently usin

two different sets of effective momentum matrix eleme
$Pl

e ,Pt
e% and $Pl

h,Pt
h%, which in turn are determined b

the bulk band edge effective masses@i.e., Pl ,t
e,h

5(\2Eg/2ml ,t
e,h)1/2] which for PbTe, in units of free electron

mass and atT54 K, areml
e50.24, andmt

e50.024 for elec-
trons andml

h50.31 andmt
h50.022 for holes.20 The model

we use is therefore an effective two-bandk•p model.21

Let us now consider the strain effects. It is assumed
only the PbTe layers are strained,22 and that the strain affect
only the band gap, leaving the momentum matrix eleme
constant.23 The strain correctiondEg to Eg

w depends on the
kind of valley and can be written as

dEg
L5Dd~2e i1e'!1Due' ~5!

and
08530
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dEg
O5Dd~2e i1e'!1Du~8e i1e'!/9, ~6!

where Dd5Dd
c2Dd

v and Du5Du
c2Du

v are the differences
between conduction and valence-band deformation po
tials, and (e i , e') are the components of the strain tens
defined with respect to the principle axes of the band
trema~i.e., e'i@111#, e ii@11̄0#, or @112̄#). Using the elastic
constants at 300 K quoted in Ref. 14, we havee'5
21.09e i . The only parameters in the calculation of the stra
effects are thene i and (Du ,Dd). As shown in Sec. II, the
room temperaturee i increases with decreasing well width. I
first approximation, and in order to obtain transition energ
continuously varying withL, we have used in the calculatio
the following linear fite i5(2.6320.038L@nm#)1023 to the
data in Table I.

With Eg
w substituted everywhere byEg

w1dEg
i ( i 5L,O)

the electric-dipole optical transition energies, given in E
~2!, between quantized electron and hole confined states
finally obtained from the graphical solution of the Eqs.~3!
and ~4! for each value of the well widthL. The empirical
parameters used by the model areEg

b(T), Eg
w(T), and the

PbTe effective massesml andmt at a given temperature~for
both electron and holes!. The Eg

b(T) used in this work is
given in the caption of Table I. For the PbTe temperatu
dependent energy gap, we used the following express
obtained from the best fit to the transmission spec
of a thick PbTe/BaF2 reference sample, measured with t
same apparatus described in Sec. III:Eg

w(T)5190.5
10.45T(K)2/@T(K)123# meV.

In Fig. 4, as an example, we have plotted the transit
energy diagram~i.e., all optical transition energies as a fun
tion of the well width! obtained for PbTe/Pb0.93Eu0.07Te
QW’s at 5 K. A band offsetQ50.5 was used.24 The solid
and dashed lines correspond to transitions involving long
dinal and oblique valleys, respectively. The qualitative fe
tures of this diagram have already been discussed in Sec
Next, we compare our theory with the experimental resu

V. RESULTS AND DISCUSSIONS

A. Well width

We start the discussion with the main results summari
in Fig. 5. There, the obtained energies of the strongly abso
ing transitions (E11

L , E11
O , andE22

O ) at room and low tempera
tures are shown as a function of the PbTe well width for
our MQW samples. The theoretical curves, solid and dash
correspond to the analytical solution of the square w
model just described, with Eu concentrationsx50.05 and
0.07, respectively. The overall agreement~i.e., for the differ-
ent transitions, temperatures, and PbTe well width! between
the theoretical and experimental results is surprisingly go
We recall that no adjustable parameter is used in the ca
lation. The model used for the bulk describes quantitativ
well both the conduction and valence-band edges. Since
QW confined states were obtained with a standard envelo
function calculation, Fig. 5 shows that such simple effect
two-band square well model is, in fact, suitable for descr
ing the quantum confinement effects in PbTe QW’s.
4-5
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The content of Eu determines the barrier height and,
this reason, small fluctuations inx affect only the transition
energies close toEg

b . In fact, in Fig. 5, we see that the resul
for E11

L andE11
O in the wide well regime, depend weakly onx.

On the other hand, for example, the difference between
measured values forE22

O in the case of the samples withL
59.2 and 10.4 nm, which have, respectively,x50.052 and
0.067, is quite large and well described by the theory.

Besides the fluctuations in the Eu content, two other m
reasons explain the differences seen in Fig. 5 between
theoretical and experimental results: a limit in the applica
ity of the model and the energy shift due to low-temperat
extra strain not included in the calculation. They are co
nected with the deviations observed at high-transition en
gies and for very narrow wells. One can see in Fig. 5 that
the transition energies increase, the theory tends more
more to give values smaller than the measured ones. Th
due to the fact that the presentk•p model for the bulk is less
and less accurate as the wave vector~and energy! is in-
creased, and underestimate the energy difference betwee
real conduction and valence bands. This effect is stronge
the longitudinal valley states, which explains the discrep
cies observed in the narrow well limit for theE11

L transition.
The other problem is the use of the same strain~measured at
room temperature! in all calculations. The bigger deviation
observed at low temperatures for the narrow well samples
discussed in more detail below, indicate the buildup of f
ther strain that pushes the measured transition energies
ther up, away from the theory.

B. Deformation potentials

The strain effects, as discussed in Sec. IV, depend bot
the strain tensor and on the deformation potentials. T

FIG. 5. Strongly absorbing transition energies (E11
L , E11

O , and
E22

O ) as a function of PbTe well width, obtained from the transm
sion spectra of our PbTe/Pb12xEuxTe MQW samples at room an
low temperatures. The experimental error~65 meV! is within the
size of the data point. The theoretical curves~solid and dashed! are
calculated with the lower (x50.05) and upper (x50.07) limit of
Eu content of our series of samples.
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strain was measured at room temperature with high accu
and here we discuss our choice of PbTe deformation po
tials. There is a controversy in the literature about the val
of these potentials. After enormous fluctuations found amo
the first values determined by transport measurements, m
precise optical studies lead to values not far from the av
able first-principles calculations. We have performed the c
culation of the optical transition energies using two differe
sets of deformation potentials. Figure 6 plots the theoret
results, together with the experimental data, at two differ
temperatures, and in the region of applicability of the mod
The dashed curves correspond to calculations usingDd
51.14 eV andDu520.55 eV, as the ones assumed in R
8, which are similar to values determined by magneto-opt
investigations in strained PbTe,23 whereas the solid lines
were obtained usingDd54.3 eV andDu522.8 eV,11,12

which are mean values obtained from shifts in photolumin
cence spectra of PbTe thin layers grown on different s
strates. These values are very close to the deformation
tentials calculated by Ferreira13 in an augmented plane-wav
~APW! framework~i.e., Dd54.57 eV andDu522.17 eV!.
The results without strain (e i50), given by the dotted lines
are also plotted.

We first note that both the strain corrections and the d
ferences between the results with the two different sets
deformation potentials are of the order of the uncertainty
the determination of the transition energies. Consequentl
precise determination ofDu and Dd is not possible here
Nevertheless, the set of PbTe deformation potentials de

-

FIG. 6. Comparison, at room temperature and 150 K, betw
the experimental data forE11

L and E11
O and the theoretical result

obtained with two different sets of PbTe deformation potentia
@Dd51.14 eV andDu520.55 eV~Refs. 8 and 23!#, represented by
the dashed lines, and@Dd54.3 eV andDu522.8 eV~Refs. 11 and
12!#, given by the solid curves, which practically agree with tho
obtained using the potentials calculated in the APW framew
@Dd54.57 eV andDu522.17 eV ~Ref. 13!#. The straight line in
the bottom of each panel signs the respective PbTe energy
(Eg

w). The no-strain approximation, dotted lines, is also plotted
order to compare the quantum size and strain effects.
4-6
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mined by Valeiko et al.11,12 and calculated by Ferreira13

leads to a better agreement between the calculated cu
and our experimental data at 295 and 150 K. We have u
these values throughout the paper. It is also interesting
note that the longitudinal transitions suffer a much larg
strain shift when compared to the oblique ones. This re
becomes even more evident at lower temperatures, wher
thermal strain starts to play a role.

C. Temperature

Our temperature-dependent data can be summarize
done in Fig. 7. In the upper~lower! panel, we have plotted
E11

O (E11
L ) as a function of temperature, for samples w

different PbTe well widths. One can see that, in fact, exc
at low temperatures, the theory reproduces well the temp
ture dependence of the transition energies, which is de
mined mainly by the PbTe energy gap temperature dep
denceEg

w(T), plotted in the lower panel. As the transitio
energy increases~i.e., for narrower wells! the slope tends to
decrease a little, as an effect of the nonparabolicity. As
ready discussed, the difference between theory and ex
ment seen in these high-energy transitions, which is alm
temperature independent, is due to the limitations of
model.

More interesting are the low-temperature deviations
served for the narrow wells in the lower panel of Fig.
Instead of decreasing monotonically with decreasing te
perature, as in the case of the obliqueE11

O level, the E11
L

transition, for the samples withL52.3 and 5.3 nm, saturate
and starts to increase as the temperature is reduced. A

FIG. 7. Temperature dependence of the first longitudinal~lower
panel! and first oblique~upper panel! transition energies for four
representative samples with different PbTe well widthL. For com-
parison, the PbTe energy gap (Eg

w) is plotted in the lower panel
The theoretical results correspond to the continuous lines and
clude the correction due to the strain measured at room tempera
Note the increasing blueshift in the longitudinal transition bel
100 K for samples withL,5 nm.
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creasing blueshift, seen only in the longitudinal transiti
energies, is developed during cooling below around 100 K
competes with the decreasing bulk PbTe energy gap
leads to the minimum observed inE11

L , when the PbTe QW
is thinner than approximately 5 nm.

It is known that the mismatch between the thermal exp
sion coefficient of BaF2 and PbTe increases considerably
temperatures below near 150 K. Due to the lower therm
expansion coefficient of BaF2, a tensile strain is built up
during the cooldown process. To give a quantitative ba
the total thermal tensile strain would be approximately 1
31023 when cooling a thin PbTe layer grown on a BaF2
substrate from room temperature down to 5 K.12 In the case
of a single PbTe layer thicker than around 2mm, this thermal
strain is expected to be completely relaxed through the
locations and defects at the BaF2 interface. Although we
have a thick Pb12xEuxTe buffer layer~4 mm! in our samples,
our PbTe thin layers are already tensile strained inside
MQW structure by the Pb12xEuxTe barriers. This extra ther
mal tensile strain may be added to the existing lattice str
in the PbTe wells inside the structure. This phenomenon
plains at least qualitatively the above mentioned lo
temperature features in the lower panel of Fig. 7. The f
that the blueshift is only observed for the longitudinal tra
sitions, which are much more sensitive to strain effects,
inforces the extra strain explanation, and the reduced ef
in the case of wider wells would be due to the respect
stronger strain relaxation. In any case, the quantitative
scription of this effect is outside the scope of this paper
would require, for instance, the determination of the strain
low temperatures, which is work in progress.

VI. CONCLUSIONS

Summarizing, we have investigated the infrared transm
sion spectra of a series of high-quality PbTe/Pb12xEuxTe
MQW samples grown by MBE. The optical transitions b
tween quantized electron and hole states confined in
PbTe thin layers were determined from the sharp step
changes in the transmission intensity. The electric-dip
transition energies were calculated by the simple square
model, with analytical solutions within the envelope-functio
approximation, including the strain corrections, and an ov
all good agreement was obtained with the measured d
The model was shown to describe well quantitatively the
transition energies as a function of well width and tempe
ture, and for all different transitions measured with enou
accuracy, namelyE11

L , E11
O , and E22

O . The strain inside the
PbTe QW’s and its effects in the optical spectra were a
investigated. We have distinguished the strain energy s
from the quantum confinement, and discussed the value
the PbTe deformation potentials. A blueshift in the energy
the longitudinal transitions was observed during cooling
low 100 K, and attributed to the mismatch in the therm
expansion coefficient between the BaF2 substrate and the
PbTe MQW structure. Future measurements of the strai
low temperatures will, however, be necessary before defi
conclusions are made.
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Finally, the present results demonstrate our satisfac
control of the quantum size effect in these narrow-gap se
conductor QW’s. The analytical description of their ele
tronic structure given in this paper is completely transpa
and can be of great help in the study of other properties
other PbTe nanostructures. Lead telluride is, for instanc
good candidate material for the new magnetoelectroni
spintronic devices, due to its high-electron mobility a
strong spin-orbit interaction. The present model calcula
08530
ry
i-

-
t
d
a
r

n

can assist the study of the spin-dependent electron trans
in different PbTe nanostructures and devices.
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